
3. Cross Sections of ~3. Cross Sections of ~GeVGeV neutrinosneutrinos
• It is the energy of accelerator neutrinos for the 

long baseline.g
• Dominant Interaction Mode

– Elastic scattering.g
• CC: Quasi-elastic scattering.
• NC: Elastic scattering.

1 d ti ith h d– 1 ! production with hadron resonance.
– 1 ! production in coherent scattering.

Deep inelastic scattering– Deep inelastic scattering.
• Not only the baseline interaction, but the 

secondary interaction in the nucleus makes thesecondary interaction in the nucleus makes the 
story difficult
– Tutorial by J. Morfin?

38

u o a by J. o ?



K2K Neutrino Energy "#$ Reconstruction
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CC Quasi-elastic scattering with nucleus
• A Fermi gas model

– The interaction take place through quasi-free p g q
scattering of nucleons contained in the non-
interacting Fermil gas.g g

#
kFB

%
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• Nucleons in the initial state have momentum 
(Fermi momentum) ~200MeV/c

• The nucleon in the final state must have theThe nucleon in the final state must have the 
momentum above Fermi momentum surface.

P li bl ki ! l Q2 i– Pauli blocking ! low Q2 suppression.
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• We must take into account of the form factors of a 
nucleon.
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• I wrote that
MA=1.05A0.05 GeV.

• However, each 
measurement has large 
error, and there may be  
nuclear dependence.
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• CC quasi-elastic is one of the most well 
measured cross section in this energy range. 
Even so, the precision is NOT great!g
– One of the study items in the next generation 

experiment.experiment.
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• CC 1! production: #N"%N!CC 1! production: #N"%N!#
– The amplitude is sum of I=1/2 and 3/2 processes 

t ib ticontributions.
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• The scattering matrix element through C++ isThe scattering matrix element through C is
)()1()'(||
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• For C resonance, we have 14 final state overall 
(6CC and 8NC)( )
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• For other ! production process, we mustFor other ! production process, we must 
consider other C resonance including off-shell 
C’sC s.
– What is the effect of A1/2?
– R=|A1/2|/| A3/2 |=0.68A0.04

• The experimental result is consistent with a resonant 
I=3/2 amplitude in the presence of a large non-resonant 
I=1/2 background.

• Experimental results:
1)(

0 (
)' !%0 n for A3/2

but experimental result is 0.96A0.12
2)( 0' !%0 p 3/2
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Coherent ! productionCoherent ! production
CC-coherent ! (#+A!%+A+!) 

%

#

!

Neutrino interacts coherently with nucleons bound in the 
nucleus, producing pion.

• may be too details as a lecture.
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• DIS (Deep Inelastic Scattering) will be 
discussed in the next chapter since it is a 
dominant cross section at the high energy.g gy
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4. Cross Sections of 10~100GeV neutrinos4. Cross Sections of 10~100GeV neutrinosC oss Sect o s o 0 00Ge eut osC oss Sect o s o 0 00Ge eut os
• Deep inelastic scattering

– Scattering with a quark in a nucleus
Example: a proton with the # beamExample: a proton with the #% beam
– #%+d" %'+u scattering

Gdd C&0 222 cos)(

• x (Feynman x) is the momentum fraction of the quark 
i th t

xsGud
dxdy
d C

!
&%#00

%
cos)( (+ '

in the proton.

– Anti-quarks exist in a proton as a sea quark.
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– In the proton, we define the quark distribution 
function: u(x), d(x), s(x), …. The cross section 
with a proton is

– In the case of neutron by using the isospin
- 18 92
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d C ')(

!
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%

In the case of neutron, by using the isospin
symmetry (dn (x)=up(x)),
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– In the case of isoscalar target (Bn= Bp)
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• NC current:• NC current:
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• FNAL NuTeV experiment measured this 
quantitiesquantities.
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NuTeV results on R# and R#barNuTeV results on R# and R#bar

• NuTeV result:

0016.02277.0
.)(0009.0.)(0013.02277.0sin )(2

A(
AAA(' syststatshellon

W&

• Standard model fit (LEPEWWG):  0.2227 A 0.00037
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5 Cross Sections of >5 Cross Sections of >TeVTeV neutrinosneutrinos5. Cross Sections of >5. Cross Sections of >TeVTeV neutrinosneutrinos

• Neutrinos are an important particle to search 
for astrophysical sources.p y
– Example: ICE-Cube experiment.

The energy of neutrino is much higher than that– The energy of neutrino is much higher than that 
available by an accelerator.
B i i i i DIS i h i– Basic interaction is DIS with some corrections.

•
- 1 - 122

2
222

22 11
FFF GGG (+

• Small x (sea quark contribution) is getting important.
- 1 - 122222 211 WNW mxyEmmq #''
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HOMEWORK: For an example how long is theHOMEWORK: For an example, how long is the 
interaction length of 100TeV neutrino in ice?
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6 Experiments for neutrino cross sections6 Experiments for neutrino cross sections6. Experiments for neutrino cross sections 6. Experiments for neutrino cross sections 
• Neutrino detectors in the short baseline oscillation 

experiment
– NuTeV, NOMAD, CHORUS, MiniBooNE

• Near neutrino detectors in the long baseline 
oscillation experiment.
– K2K, MINOS, T2K, NO#A

• Dedicated experiments to measure the neutrino 
ticross section

– SciBooNE, MINER#A
#SNS– #SNS

• study the cross section of ~O(10MeV) for Supernova 
detection.

61



SciBarSciBarMiniBooNE beamlineMiniBooNE beamline
SciBooNE (start data taking  in June 2007)

Decay region MiniBooNE 

SciBarSciBar

50 m Detector

100 m100 m 440 m440 m

• !"#$%&%'()&*+,-)'.)(#+*"%(')
$"'&&)&#$*%'(&).'")/012 T2K

ar
ea

)

• 3(*%4(#+*"%('&
– 5(#678'"#,)79-&%$&)*#""%*'"-):(,)
%;7'"*:(* .'" <! &*+,- %( /01 == ze

d
 b

y 
a

%;7'"*:(*).'")<!)&*+,-)%()/014==2

1014>$%?:" @ AB3C4?B? K2K

SciBooNE

n
o
rm

al
iz

101 >$%?:")@)AB3C ?B?
– D#88),#E#8'7#,)F#*#$*'"
– G'&*)%(*#(&#)8'H)#(#"I-)(#+*"%(') Fl

u
x 

(n

62

I-
J#:;2 1           2          

E# (GeV)



SciBarSciBar detector event display detector event display in K2Kin K2K

3track event CC-1!
(%+p+!) candidate

CCQE candidate
(#+n+%+p)

NC !0 candidate
#+N+#+N+!0

#e CCQE candidate
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MINER#A at NuMI (start in 2009)MINER#A at NuMI (start in 2009)

• Need a high granularity detector (like SciBar) but in aNeed a high granularity detector (like SciBar) but in a 
higher energy beam and with improved containment 
of D $!K $%of D*$! *$%

#

• MINER#A at NuMI
" “chewy center” (active target)

12-15 August 2006 Kevin McFarland: Interactions of Neutrinos 64

" chewy center  (active target)
" with a crunchy shell of muon, hadron and EM absorbers
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7. Summary7. Summaryyy
• Understanding of neutrino cross section is a good 

exercise to review the standard modelexercise to review the standard model.
• In reality, the reliable estimation is not easy 

because of the nuclear (and nucleon?) structurebecause of the nuclear (and nucleon?) structure.
– Experimental Inputs and model buildings are essential!

• The next generation precision oscillationThe next generation precision oscillation 
experiments request the precise information of 
neutrino cross sections.
– Including the final state kinematics (although I did not 

fully cover this topics in the lecture).
•

Play together with neutrinos!Play together with neutrinos!y gy g
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ReferenceReferenceReference Reference 
materialsmaterialsmaterialsmaterials
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Neutrino ExperimentsNeutrino Experiments

• KamLAND, Super-K, SNO, Borexino, GNO, 
Homestake, one more,

• LSND, Karmen
K2K T2K S K MINOS S d 2• K2K, T2K, Super-K, MINOS, Soudan2, 
MACRO, MiniBooNE

• NuTeV, CCFR, OPERA, CHORUS, NOMAD 
S iB NE MINER A• SciBooNE, MINERnA
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SNOSNO

69



1 Introduction1 Introduction1. Introduction1. Introduction
Neutrino Oscillation Experiments.Neutrino Oscillation Experiments.
• Experimental Condition:

– Solar Neutrinos (#e)
E#~ 0.1~15MeV, L~1.5G108km, Cm2 ~>10-11eV2, 0# ~ 10-43cm2.

– Reactor Neutrinos (#e)
E ~ 1~9MeV L~1~100km Cm2 ~>10-5eV2 0 ~ 10-41cm2E#~ 1~9MeV, L~1~100km, Cm2 ~>10 5eV2, 0# ~ 10 41cm2.

– Atmospheric Neutrinos (#e, #e, #%, #%)
E#~ 20~>105MeV, L~10~1G104km, Cm2 ~>10-4eV2, 0# ~ 10-42~10-36cm2.

– Accelerator Neutrinos (#e, #e, #%, #%)% %

E#~ 20~105MeV, L~0.01~1000km, Cm2 ~>10-3eV2, 0# ~ 10-42~10-36cm2.



• Neutrino Targets:• Neutrino Targets:
– Solar Neutrinos:

• Gallex(GNO) SAGE Homesatke Kamiokande Super K• Gallex(GNO), SAGE, Homesatke, Kamiokande, Super-K, 
SNO

Ga, Cl, H2O, D2O and e- ,2 2

– Reactor Neutrinos:
• CHOOZ, KamLAND
C (Carbon),

– Atmospheric Neutrinos:
• Soudan2, Kamioaknde, Super-K, MINOS, MACRO
Fe, H2O , CH

Accelerator Neutrinos:– Accelerator Neutrinos:
• LSND, MiniBooNE, K2K, MINOS, OPERA, CCFR, 

CHORUS, NOMAD,
Carbon, H, Fe, H2O, and other Nucleus
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Neutrino FluxNeutrino Flux
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Solar Neutrino Flux
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Reactor Neutrinos

• KamLAND Flux: 2G106cm-2s-1

– 70GW reactors at 100 – 250 km away
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Accelerator neutrino fluxAccelerator neutrino flux
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Atmospheric neutrino fluxAtmospheric neutrino flux
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Cosmic Ray fluxCosmic Ray flux

• Features of  atmospheric 
neutrino fluxneutrino flux.
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Supernova neutrino fluxSupernova neutrino flux
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Geo neutrino fluxGeo-neutrino flux
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